Background: there is convincing evidence that circadian disruption mediated by exposure to light at night promotes mammary carcinogenesis in rodents. the role that light at night plays in human breast cancer etiology remains unknown. We evaluated the relationship between estimates of indoor and outdoor light at night and the risk of breast cancer among members of the california teachers Study. Methods: indoor light-at-night estimates were based on questionnaire data regarding sleep habits and use of nighttime lighting while sleeping. estimates of outdoor light at night were derived from imagery data obtained from the US Defense Meteorological Satellite Program assigned to geocoded addresses of study participants. analyses were conducted among 106,731 california teachers Study members who lived in california, had no prior history of breast cancer, and provided information on lighting while sleeping. Five thousand ninety-five cases of invasive breast cancer diagnosed 1995-2010 were identified via linkage to the california cancer registry. We used age-stratified cox proportional hazard models to calculate hazard ratios (Hrs) with 95% confidence intervals (cis), adjusting for breast cancer risk factors and neighborhood urbanization and socioeconomic class. Results: an increased risk was found for women living in areas with the highest quintile of outdoor light-at-night exposure estimates (Hr = 1.12 [95% ci = 1.00-1.26]; test for trend, P = 0.06). although more pronounced among premenopausal women (Hr = 1.34 [95% ci = 1.07-1.69]; test for trend, P = 0.04), the associations did not differ statistically by menopausal status (test for interaction, P = 0.34). Conclusions: Women living in areas with high levels of ambient light at night may be at an increased risk of breast cancer. Future studies that integrate quantitative measurements of indoor and outdoor light at night are warranted.
I
n 2010, the international agency for research on cancer classified "shiftwork that involves circadian disruption" as a probable human carcinogen (group 2a). 1 this classification was based largely on strong laboratory evidence for carcinogenic effects of light-at-night exposures in animals; it was supported by limited, although convincing, evidence from epidemiologic studies of increased cancer risks-particularly breast cancer risk-associated with shiftwork that involves night work. the degree to which light at night is the exposure underpinning the increased risks associated with night shift work remains unclear. to date, only a handful of epidemiologic studies have directly evaluated cancer risks associated with light-at-night exposures. [2] [3] [4] [5] [6] [7] [8] these studies generally fall into 1 of 2 categories: ecologic studies correlating cancer incidence rates with estimates of outdoor ambient light at night, all of which have reported elevations in breast cancer 2, 5, 6 ; and case-control studies examining risks associated with selfreported measures of indoor lighting, which have yielded more mixed results. 3, 4, 7 We conducted an exploratory analysis of breast cancer risk associated with estimates of outdoor ambient light at night and self-reported indoor light at night among a large prospective cohort study of women living in california. 
METHODS

Study Population
the study population for these analyses was drawn from the california teachers Study, a large prospective cohort study of female california professional school employees. Participants are 133,479 women who responded to a 1995-1996 mailing to 329,000 active and retired female enrollees in the State teachers retirement System. a full description of the california teachers Study is available elsewhere. 9 For the present analyses, participants were excluded (in sequence) for the following reasons: living outside california at baseline (n = 8867); unknown history of prior cancer (n = 139); prior history of invasive or in situ breast cancer (n = 6211); voluntary withdrawal from the study (n = 1); missing or unknown information about indoor light at night (n = 5953); address that could not be geocoded (n = 5565), or once geocoded, had missing census information on sociodemographics (n = 12). the resulting study population comprised 106,731 women. all participants provided informed consent upon entry into the california teachers Study, and the protocol was approved by the institutional review Boards at all participating institutions.
Outcome Assessment
the california teachers Study cohort is followed annually for cancer diagnosis, death, and change of address. State and national mortality files, as well as reports from relatives, are used to ascertain date and cause of death. address changes for continued follow-up are obtained on an ongoing basis via several methods, including annual mailings, notifications of moves received from participants, and linkages to nationwide consumer reporting companies and the US Postal Service national change of address database. cancer outcomes are identified through linkages with the california cancer registry, a legally mandated statewide population-based cancer reporting system. 10 For the purposes of the present analysis, the case group comprised eligible study participants diagnosed with incident invasive carcinoma of the breast (Seer site code = 26000) after joining the cohort and before 1 January 2011 (n = 5095).
Exposure Assessment
indicators of indoor light at night were derived from the california teachers Study baseline questionnaire, a mailed survey, completed in 1995-1996 (http://www.calteachersstudy.org/surveys/Baselinel.pdf). indicators were based on responses to the questions: "during the past year, have you used a bright light at night while sleeping at home?" among those who responded "yes," respondents were asked to further specify for how many months (0-3, 4-6, 7-9, 10+), and, on average, for how many days per week (1-3, 4-5, 6+) and hours per night (1-2, 3-4, 5-6, 7+) they used a light. a summary metric was created that categorized women into 4 groups: nonusers; heavy users (reported 10+ months of use for 5+ days per week and 7+ hours per night); light users (reported 0-3 months, 1-3 days per week and 1-2 hours per night); and medium users (all other combinations of duration and frequency).
indicators of outdoor light at night were derived from satellite imagery data obtained from the archive of the US Defense Meteorological Satellite Program's Operational linescan System, maintained by national Oceanic and atmospheric administration's earth Observation group. 11 this database contains annual composites made after excluding the outer quarters of the satellite swath; sun and moon luminance; glare; clouds; and atmospheric lightning. ephemeral events such as fires are also removed. although these images capture only a fraction of the light originating from the earth's surface, they accurately represent the relative levels of nighttime illumination at ground level.
11 the processed imagery data are georectified to a 30 arcsecond grid (equivalent to approximately 1 km 2 ). two types of data are available. the first uses adaptive gain settings to create data with a dynamic range of 6 bits and contains unit-less luminance values scaled to range from 0 (background noise) to 63. the second type is created by combining the information from 3 fixed-gain sensors. this type of data has a much larger dynamic range and can be transformed into units of radiance (nW/cm 2 /sr). [11] [12] [13] Because our initial assessment of the lowdynamic range 6-bit data indicated that there was insufficient variability in light-at-night levels in urban areas (nearly every residence in an urban or suburban area was assigned the maximum value of 63), 14 we used the high-dynamic range data (currently available only for 2006), for the present analysis. We used arcgiS (eSri, redlands, ca) to geocode the participants' home address at baseline (1995) (1996) to a latitude/longitude and to a census 2000 block group. residences of study participants were assigned the average annual 2006 nighttime radiance value for the grid cell in which they were located (based on their latitude and longitude) using spatial analysis tools available in the raster, rgdal, and sp packages within r. 15 
Covariate Information
Data on the following personal breast cancer risk factors were gathered from the baseline questionnaire: age at baseline, race/birthplace, family history of breast cancer, age at menarche, age at first full-term pregnancy, breastfeeding history, average lifetime strenuous physical activity, body mass index (BMi), alcohol consumption, menopausal status and hormone therapy use at baseline, smoking status, and packyears of smoking. these variables were selected a priori based on previous analyses within the california teachers Study that found these to be important predictors of breast cancer risk.
neighborhood socioeconomic status (SeS) and urbanization were based on 2000 US census block group data. SeS measures included the following: percentage of adults over age 25 years having completed a college degree or higher; percentage of adults without a high-school degree; median family income; percentage of adults employed in managerial/ professional occupations; and percentage of population below the poverty line. to address the high degree of collinearity among these measures, we conducted a principal components analysis to create a composite measure of SeS based on the 5 individual variables described above. the loadings of the first principal component, categorized into quartiles, were then used in our cox regression models. neighborhood urbanization was defined as urban, suburban, nonmetropolitan city, town, and rural, based on a previously developed algorithm using a combination of census block group characteristics, details of which can be found elsewhere.
14,16
Follow-up
Follow-up time was calculated as the number of days between the date the baseline questionnaire was completed and the earliest of 4 dates: date of invasive breast cancer diagnosis; date of first non-california residential address lasting 4 months or longer; date of death; or 31 December 2010. Women who were diagnosed with in situ breast cancer during the follow-up period were censored at the time of their diagnoses.
Statistical Analysis
cox proportional hazards regression models were used to estimate hazard ratios (Hrs) and 95% confidence intervals (95% cis) associated with each indicator of light at night, using ages at the start and end of follow-up (in days) to define time on study. indicators of indoor and outdoor light at night were considered in separate models, as were the individual components of indoor light-at-night exposures (ie, month, days, hours, summary measure). Outdoor light at night was modeled continuously and as a categorical variable (using quintiles). all initial models were stratified by age at baseline (in single-year increments) and adjusted for race/birthplace. Subsequent multivariate models included adjustment for all personal risk factors and neighborhood characteristics, as described above. Because results from the age-stratified/race-adjusted models and multivariate models were not substantially different, we present the multivariate results only. Due to the sparseness of cell counts in the joint distribution of outdoor light at night and neighborhood urbanization, we collapsed the categories of urbanization from 5 to 3 categories (urban/suburban, nonmetropolitan city, and town/rural) for the purposes of adjustment in multivariate models. likelihood-ratio tests for trend across indoor and outdoor light-at-night categories were conducted using an ordinal variable coded as the median value of each category. regression models were also run with the data stratified on potential effect modifiers of interest, including menopausal status, hormone therapy use, body weight, and neighborhood urbanization and SeS. Formal tests for interaction between light at night and each of these potential effect modifiers were performed by adding a multiplicative interaction term to the PHreg model in a forward fashion to a model with just the main effects and the P values for the Wald X 2 assessed for significance. competing-risk models were run to evaluate risk estimates separately for hormonally responsive and nonresponsive tumors. all models were run using the PHreg procedure in SaS Version 9.3 (SaS institute, cary, nc).
RESULTS
the prevalence of indoor light-at-night use was very low. Only 5% of study respondents reported the use of a bright light while sleeping at home during the year prior to baseline. Of those who reported any use, most reported infrequent usage or usage of short durations (45% reported 0-3 months of use; 52% reported use of 1-3 days/week; 30% reported use of 1-2 hours/night). For our summary measure of indoor light at night, only 17% of users reported using a bright light at the highest levels of frequency and duration (data not shown).
Outdoor light-at-night values ranged from 0 to 175 nW/cm 2 /sr with a mean of 35 nW/cm 2 /sr and a median of 32 nW/cm 2 /sr ( Figure 1 ). Outdoor light-at-night values were lowest among women living in rural neighborhoods and highest among women living in urban areas (Figure 2) . there was, however, a fair degree of variability of light-at-night values within categories of neighborhood urbanization and some overlap of values between categories of urbanization. the distribution of reported indoor light-at-night usage generally did not vary by personal risk factors or neighborhood characteristics (table 1) except users were more likely to be nonwhite, obese, and live in urban areas than nonusers. Women living in neighborhoods with the highest quintile of outdoor light at night were more likely to be nonwhite (22%) than those living in the lowest quintile (7%). Furthermore, women in neighborhoods with the highest outdoor light-at-night estimates were more likely to have never had a live birth and were less likely to have breastfed for a year or more.
in multivariate analyses, we observed no evidence of an increased risk of breast cancer with indicators of indoor light at night ( of duration of use (months, days, hours) and combining those measures into a summary measure also provided no evidence of risk with all Hrs close to 1.0, 95% cis including 1.0, and no evidence of a linear trend. risk estimates for indicators of outdoor light at night are presented in table 3. Overall, a modest association was observed between outdoor light-at-night exposure and breast cancer risk (Hr = 1.12 [95% ci = 1.00-1.26] for the highest quintile of light at night; test for trend, P = 0.06). When the data were stratified by menopausal status, the risk was evident only among women who were premenopausal at baseline (Hr for highest light-at-night quintile = 1.34 [95% ci = 1.07-1.69]; test for trend, P = 0.04) and not among those who were postmenopausal at baseline (Hr for highest light-at-night quintile = 1.04 [0.90-1.20]; test for trend, P = 0.44), although there was no statistical evidence for interaction (test for interaction, P = 0.34). Overall, there was no evidence of heterogeneity in risk across categories of body weight (test for interaction, P = 0.90). examining risk among premenopausal and postmenopausal women by BMi (table 4), it appears that the increased risk among premenopausal women was confined to women with BMi < 25 kg/m 2 (Hr = 1.56 [1.16-2.08]) for the highest quintile; test for trend, P = 0.02). no association was observed among women with BMi ≥ 25 (1.06 [0.72-1.56]); test for trend, P = 0.59), although there was no statistical evidence for interaction (test for interaction, P = 0.77). among women postmenopausal at baseline, there was no evidence for heterogeneity in risk across categories of relative body weight (test for interaction, P = 0.88). although we did not observe an excess risk among postmenopausal women, when we stratified by hormone therapy use, there was some suggestion of an increased risk only among the never users. competing-risk analyses to examine whether risks differed depending on tumor hormone responsiveness (estrogen receptor, er; progesterone receptor, Pr) were hampered by small numbers, although risk estimates were marginally higher among women with er-negative and Pr-negative tumors than those with tumors that were either er-positive or Pr-positive (data not shown).
Because of the high degree of correlation between outdoor light-at-night indicators and neighborhood urbanization, we repeated our analysis stratified by 2 levels of urbanization (urban/suburban areas and rural/town/nonmetropolitan city). in these analyses, the breast cancer risk associated with outdoor light at night persisted for women residing in both areas. although the point estimate for the highest quintile of outdoor light at night among women living in rural/town/nonmetropolitan cities was somewhat higher (Hr = 1. b number of cases does not always sum to total (n = 5,095) due to missing/unknown values for light-at-night usage. patterns of risk across all levels of SeS (test for interaction, P = 0.54) (data not shown). Finally, we repeated our analyses restricted to the residentially stable subset of the study population (n = 56,112; 3142 cases) who lived at their baseline addresses during the full follow-up period of our study. these analyses yielded point estimates of risk very similar to those for the full study population, albeit with marginally wider cis (Hr = 1. 
DISCUSSION
Our findings suggest a small increased risk of breast cancer among women who live in neighborhoods with high levels of outdoor light at night. although our results suggest this risk may be confined to premenopausal women who were not overweight or obese, we did not have the statistical power to state this with confidence. Future research is needed adjusted for: age strata (1 year), race/birthplace, family history of breast cancer, age at menarche, pregnancy history, breastfeeding history, physical activity, BMi, alcohol consumption, menopausal status and hormone therapy use combination, smoking status, smoking pack-years, neighborhood SeS, and urbanization.
b reference category. c number of premenopausal and postmenopausal cases do not sum to total number of cases because perimenopausal women were included in total.
to determine if indeed this risk is restricted to this subgroup of women. these analyses were initiated in response to the growing interest in light at night as a potential etiologic factor in carcinogenesis. capitalizing on the use of existing data for a large, well-defined cohort, we sought to improve upon earlier ecologic analyses that have suggested an association between breast cancer risk and ambient outdoor light at night as estimated using satellite imagery data. 2, 5, 6 Unlike prior studies, we were able both to adjust for established breast cancer risk factors and to take into account neighborhood SeS and urbanization, which are known to be associated with breast cancer risk and are likely to be associated with outdoor light-at-night values.
14 Our finding that the risk associated with outdoor light at night persisted after adjusting for neighborhood urbanization, and was evident even among women living in rural areas, provides some assurance that the observed risks do not merely reflect the higher rates of breast cancer in urban areas. [17] [18] [19] there are a number of limitations to our ascertainment of outdoor light at night. although we used the best available satellite imagery data to estimate outdoor light at night independent of neighborhood urbanization, the light-at-night estimates were not temporally congruent with the 1995-1996 baseline addresses because the high-dynamic range data were available only for 2006. an examination of the low-dynamic range data for the years spanning our follow-up time, however, suggested relative stability in the ranking of light-at-night values over this time for the study area. Furthermore, our analyses repeated among study participants who had not moved during the follow-up yielded essentially the same results.
Our study failed to find an association with reported use of indoor light at night. Our indoor light at night analyses, however, were based on fairly small numbers. this not only reduced our power to detect an independent effect of indoor light at night but also precluded our ability to assess it jointly with outdoor estimates of light at night. Furthermore, the questions on indoor light at night were not originally designed to capture light-at-night exposures but rather to ascertain household exposures related to electromagnetic fields. the questions, therefore, did not capture other sources of indoor light such as tVs and other electronic devices, nor did they characterize attributes of light that are critical in influencing circadian disruption, such as intensity, wavelength, and timing. [20] [21] [22] [23] [24] given these limitations, the lack of an association with indoor light at night may be due to exposure misclassification rather than an absence of effect.
three other epidemiologic studies have evaluated breast cancer risk associated with self-reported use of indoor nighttime lighting.
3,4,7 the most recent asked about light at night in the workplace setting (where high exposure was considered "having enough light to be able to read"), and found a small increase in breast cancer risk with this category (odds ratio [Or] = 1.25 [95% ci = 0.98-1.59]), although there was no evidence of increasing risk with increasing duration of such exposure. 4 the 2 other studies focused on light-at-night exposures in the home. the first of these examined 3 measures of nighttime lighting (number of times light was turned on at night; percentage of time the light was on; the reported ambient bedroom light level) and found none to be related to breast cancer risk. 3 in contrast, O'leary et al 7 reported an elevated risk of breast cancer among women who reported a high frequency of nighttime light usage (ie, those who woke up at least twice a night and at least twice a week and turned on the lights; Or = 1.65 [95% ci = 1.02-2.69]). the authors, however, were not able to ascertain if this increased risk was truly a light-at-night effect or a reflection of risk associated with sleep disruption. a comprehensive evaluation of light-at-night exposures and breast cancer risk would ideally capture total light exposures, emanating both from the indoor and outdoor environments, and integrate them into a single measure. Personal photometric monitors have been developed for this purpose. 22, 25 initial validation studies using such devices have indicated good agreement between estimates of ambient light at night from satellite imagery data and ground-level outdoor photometric readings, 2 but poor agreement with indoor bedroom light levels. 26 this latter finding underscores the importance of evaluating the degree to which outdoor light penetrates the indoor environment and identifying factors that modify its penetrance, such as the use of blinds/shades and the presence of outdoor vegetation, as well as climate and seasonality that are likely to influence the use or presence of these intervening factors in different geographic areas and at different times of the year. researchers have developed a paper-based questionnaire (the Harvard light exposure assessment Questionnaire) for use in epidemiologic studies.
27 a 7-day validation of this questionnaire with real-time photometric values from personal light monitors among a subset of the nurses Health Study has indicated good agreement, suggesting it could be a useful method for ascertaining light-at-night exposures in large-scale epidemiologic studies. the questionnaire, however, consists of a highly detailed 24-hour diary. this requires diligence from study subjects that could pose compliance issues in less-motivated study populations. Further evaluation of this questionnaire in other study populations and its adaptation to capture historical exposures over a longer time period are required.
given the dearth of data on light-at-night exposures and breast cancer risk, there is little context in which to interpret our finding that the risk may be limited to premenopausal women who are not overweight. the bulk of evidence for circadian disruption and breast cancer risk emanates from studies of shiftwork that generally have not considered pre-and postmenopausal breast cancer risks separately. 3, 7, [28] [29] [30] [31] [32] [33] these studies, however, have reported risks across all age groups and in both the nurses Health Study i (which is predominantly postmenopausal women) 34 and the nurses Health Study ii (which is predominantly premenopausal women). 35 if the risk of breast cancer associated with light at night is mediated by melatonin suppression, as is the prevailing hypothesis, our finding of an increased risk among pre-but not postmenopausal women may reflect a stronger biologic response to light-at-night exposures in young women. the suppressive effects of light at night on melatonin secretion have been reported to be stronger in young people, and to decline with age. 36, 37 a variety of mechanisms have been postulated for melatonin's anticarcinogenic effects, including both direct oncostatic properties (antiproliferative, antioxidant, suppression of Dna adducts, enhanced Dna repair), and antiestrogenic effects mediated through interactions with estrogen-signaling pathways and downregulation of the hypothalamic-pituitaryreproductive axis. 36, 38 it is beyond the scope of the current study to evaluate potential etiologic pathways for light-atnight exposures. We did, however, conduct a number of stratified analyses in an attempt to elucidate whether the effects we observed might be operating via an estrogen-mediated pathway; no coherent pattern emerged. Our finding that among premenopausal women, outdoor light at night might increase risk among lean women but not overweight women warrants further investigation. the relationship between adiposity and breast cancer risk itself is complex, differs by menopausal status, and is likely mediated by adiposity-related differences in endogenous estrogen biosynthesis. 39, 40 Heavier premenopausal women, who are more likely to have menstrual cycle irregularities, have lower breast cancer risks than their leaner counterparts. 39, 40 consequently, we might expect that the estrogenic effects of light at night (through suppression of melatonin) would be more readily observed in the overweight premenopausal women against the backdrop of lower background risk. alternatively, it is possible that it is only in the context of higher estrogen levels among the thin, premenopausal women that the additional estrogenic effects of light at night are sufficient to result in disease. in summary, our study provides evidence that women who live in areas with high levels of ambient light at night are at an increased risk of breast cancer not readily explained by other neighborhood characteristics or personal breast cancer risk factors. these results, found in a well-specified cohort of women who do not typically work at night, add another important line of evidence to the circadian disruption hypothesis beyond the well-documented increased breast cancer risk among night shift workers, suggesting that light at night may be a contributing etiologic factor.
